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Abstract
We investigate the decays li → ljγ, with li = e, µ, τ in a general class of 3-3-1 models with heavy
exotic leptons with arbitrary electric charges. We present full and exact analytical results keeping
external lepton masses. As a by product, we perform numerical comparisons between exact results
and approximate ones where the external lepton masses are neglected. As expected, we found that
branching fractions can reach the current experimental limits if mixings and mass differences of
the exotic leptons are large enough. We also found unexpectedly that, depending on the parameter
values, there can be huge destructive interference between the gauge and Higgs contributions when
the gauge bosons connecting the Standard Model leptons to the exotic leptons are light enough.
This mechanism should be taken into account when using experimental constraints on the branching
fractions to exclude the parameter space of the model.
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I. INTRODUCTION
The discovery of flavor neutrino oscillations (see Ref. [1] and the references therein) proves
that neutrinos are massive. This leads to an important consequence that the lepton-flavor
number violating decay µ→ eγ is non-vanishing, being proportional to the neutrino masses
and the mixing matrix. Assuming tiny neutrino masses satisfying current experimental
constraints [1], extension of the Standard Model (SM) with right-handed neutrinos predicts
that the branching ratio is Br ≈ 10−55, which will be called the SM contribution from now
on. Meanwhile, the current experimental limits read [1]
Br(µ− → e−γ) < 4.2× 10−13,
Br(τ− → e−γ) < 3.3× 10−8,
Br(τ− → µ−γ) < 4.4× 10−8. (1)
From theoretical side, the processes li → ljγ are loop induced. Given that the SM
contribution is strongly suppressed, they can be good places to look for new physics. In this
paper, we consider a simple extension of the SM using the local gauge group of SU(3)C ⊗
SU(3)L ⊗ U(1)X (3-3-1) with new exotic leptons. The word exotic here means that they
can have arbitrary electric charges and arbitrary masses. In this model, the electron (and
similarly for muon and tauon) together with a neutrino and a new exotic lepton are in a
triplet (or anti-triplet) representation of SU(3)L. In this work, we calculate both neutrino
and exotic-lepton contributions, with special attention to the latter because the former is
numerically suppressed as above mentioned.
We remark that 3-3-1 model is an active field of research and has a long history, see Ref. [2]
and references therein. In this work, we choose a general class of 3-3-1 models, which are
similar to the models presented in Refs. [2–4] where new heavy leptons are introduced.
However, there is an important difference: instead of fixing the electric charges of the new
leptons to specific values being 0, +1 or −1, we let them be arbitrary. We will then study
the dependence of the li → ljγ branching fractions on this arbitrary charge. That class of
3-3-1 models has been studied in many works, see e.g. [5, 6]. If we replace the new leptons
with charge-conjugated partners of the SM leptons, we will have different 3-3-1 models with
lepton-number violation, see e.g. Refs. [7–11]. The decays li → ljγ in these models have
been discussed in Refs. [12, 13], see also the recent review [14] and references therein. We
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do not discuss these types of models in this work, but rather focus on the case with exotic
leptons.
In the general class of 3-3-1 models here considered, there is one important parameter
usually called β, which together with X, the new charge corresponding to the group U(1)X ,
define the electric-charge operator. The electric charges of new particles therefore depend on
β. It has been known and widely accepted that β is one of the most important parameters
to classify 3-3-1 models.
Recently, there occurred new efforts using 3-3-1 models to understand tensions between
experimental measurements and the SM results in B physics, see e.g. [15, 16]. Motivated
by this work, we want to use 3-3-1 models to understand the li → ljγ decays. Since the new
leptons are assumed to be heavy, we expect large branching fractions. However, this is not
totally obvious, because there are two contributions from gauge and Higgs sectors. Does a
destructive interference effect occur?
The aim of this paper is manifold. First, we calculate the full and exact result for li → ljγ
partial decay widths for a general class of 3-3-1 models with arbitrary β. As a by product, we
will perform numerical comparisons between the exact results (i.e. external lepton masses
are kept) and approximate ones where external lepton masses are neglected. We note that
approximate results have been almost exclusively used in the literature for the SM and many
other models. We found this uncomfortable because the neutrino masses, which are much
smaller than the lepton masses, are kept. We therefore want to know to what accuracy the
approximate results valid, using the SM with arbitrary neutrino masses to answer this. As
far as we know, this important point has never been addressed in the literature. We will
also perform numerical studies for 3-3-1 model to see whether destructive interference effects
occur and to see the dependence on β, gauge boson and Higss masses. To the best of our
knowledge, this is the first study of li → ljγ in 3-3-1 models with exotic leptons.
The paper is organized as follows. In the next section, we review the model and calculate
the Feynman rules needed for li → ljγ decays. We then summarize the main calculation steps
and present analytical results in Section III. Numerical results are discussed in Section IV.
In Section IV A we perform comparisons between the approximate and exact results for the
neutrino contribution. In Section IV B we present results for the exotic-lepton contribution.
Conclusions are in Section V. Finally, we provide two Appendices A and B to complete the
results of Section III.
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II. 3-3-1 MODEL WITH ARBITRARY β
One important condition we require is that the 3-3-1 model has to match the SM at the
energy of the EW scale, about 250 GeV. This means that the SU(3)L symmetry is valid at
a higher energy scale and is spontaneously broken down to the SU(2)L symmetry using the
Brout-Englert-Higgs mechanism. In order to match the fermion representation of the SM,
the simplest choice is to assign fermions into triplets and anti-triplets of the SU(3)L group.
However, this requires new fermions. In general, the electric charges of these new fermions
are unkown. They, however, cannot be totally arbitrary because of the symmetry and of the
matching condition with the SM. In most general terms, the electric charge operator can be
written as
Q = T3 + βT8 +X1, (2)
where we have introduced the SU(3) generators T3, T8. Thus, the charge operator Q de-
pends on two parameters β and X. With this information, we can write down the lepton
representation as follows. Left-handed leptons are assigned to anti-triplets and right-handed
leptons to singlets:
L′aL =

e′a
−ν ′a
E ′a

L
∼
(
3∗ ,−1
2
+
β
2
√
3
)
, a = 1, 2, 3,
e′aR ∼ (1 ,−1) , ν ′aR ∼ ( 1 , 0) , E ′aR ∼
(
1 ,−1
2
+
√
3β
2
)
. (3)
The model includes three RH neutrinos ν ′aR and exotic leptons E
′a
L,R which are much heavier
than the normal leptons. The prime denotes flavor states to be distinguished with mass
eigenstates introduced later. The numbers in the parentheses are to label the representation
of SU(3)L ⊗ U(1)X group. For singlets, we have Q = X and hence the electric charges of
the new leptons can be read off from the above information. The quark sector is not here
specified since it is irrelevant to our present work.
We now discuss gauge and Higgs interactions. There are totally 9 EW gauge bosons,
included in the following covariant derivative
Dµ ≡ ∂µ − igT aW aµ − igXXT 9Xµ, (4)
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where T 9 = 1/
√
6, g and gX are coupling constants corresponding to the two groups SU(3)L
and U(1)X , respectively. The matrix W
aT a, where T a = λa/2 corresponding to a triplet
representation, can be written as
W aµT
a =
1
2

W 3µ +
1√
3
W 8µ
√
2W+µ
√
2Y +Aµ√
2W−µ −W 3µ + 1√3W 8µ
√
2V +Bµ√
2Y −Aµ
√
2V −Bµ − 2√3W 8µ
 , (5)
where we have defined the mass eigenstates of the charged gauge bosons as
W±µ =
1√
2
(
W 1µ ∓ iW 2µ
)
,
Y ±Aµ =
1√
2
(
W 4µ ∓ iW 5µ
)
,
V ±Bµ =
1√
2
(
W 6µ ∓ iW 7µ
)
. (6)
From Eq. (2), the electric charges of the gauge bosons are calculated as
A =
1
2
+ β
√
3
2
, B = −1
2
+ β
√
3
2
. (7)
We note that B is also the electric charge of the new leptons Ea.
To generate masses for gauge bosons and fermions, we need three scalar triplets. They
are defined as
χ =

χ+A
χ+B
χ0
 ∼
(
3 ,
β√
3
)
, ρ =

ρ+
ρ0
ρ−B
 ∼
(
3 ,
1
2
− β
2
√
3
)
η =

η0
η−
η−A
 ∼
(
3 ,−1
2
− β
2
√
3
)
, (8)
where A,B denote electric charges as defined in Eq. (7). These Higgses develop vacuum
expectation values (VEV) defined as
〈χ〉 = 1√
2

0
0
u
 , 〈ρ〉 = 1√2

0
v
0
 , 〈η〉 = 1√2

v′
0
0
 . (9)
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The symmetry breaking happens in two steps: SU(3)L ⊗ U(1)X u−→ SU(2)L ⊗ U(1)Y v,v
′−−→
U(1)Q. It is therefore reasonable to assume that u > v, v
′. After the first step, five gauge
bosons will be massive and the remaining four massless gauge bosons can be identified
with the before-symmetry-breaking SM gauge bosons. This leads to the following matching
condition for the couplings
g2 = g, g1 = gX
g√
6g2 + β2g2X
, (10)
where g2 and g1 are the two couplings of the SM corresponding to SU(2)L and U(1)Y ,
respectively. From this we get the following important equation which helps to constrain β:
g2X
g2
=
6s2W
1− (1 + β2)s2W
, (11)
where the weak mixing angle is defined as tW = tan θW = g1/g2 and we denote sW = sin θW .
Putting in the value of sW , we get approximately
|β| ≤
√
3, (12)
which will be used in the numerical analysis.
The masses of the charged gauge bosons are
m2Y ±A =
g2
4
(u2 + v′2), m2V ±B =
g2
4
(u2 + v2), m2W± =
g2
4
(v2 + v′2). (13)
We now discuss the mixings of leptons. In general, the mixing between a SM lepton
and a new lepton is allowed if they have the same electric charge. However, since we
consider a general class of models with arbitrary β, this mixing effect will be neglected.
This is justified because we will assume that the new leptons are much heavier than the
SM leptons. Therefore, only generation mixings as in the SM are allowed. The Yukawa
Lagrangian related to these mixings reads
Lyuklepton = −Y eabL′aLη∗e′bR − Y νabL′aLρ∗ν ′bR − Y EabL′aLχ∗E ′bR + h.c., (14)
where a, b = e, µ, τ are family indices. The corresponding mass terms are:
Lmasslepton = −
Y eabv
′
√
2
e′aLe′bR +
Y νabv√
2
ν ′aLν ′bR −
Y Eabu√
2
E ′aLE ′bR + h.c.. (15)
From now on we will work in the basis where the SM charged leptons are in their mass
eigenstates. This can always be done without loss of generality. We can therefore set Y eab to
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be diagonal and e′ = e in Eqs. (14,15). The transformations from the flavor states to mass
eigenstates are defined as
ν ′aL = U
L
abνbL, ν
′
aR = U
R
abνbR,
E ′aL = V
L
abEbL, E
′
aR = V
R
abEbR, (16)
where UL,R and V L,R are 3× 3 unitary matrices for the neutrinos and new leptons, respec-
tively. The matrix V L, included in the vertices of the SM charged leptons and the new
leptons, is similar to the matrix UL = UPMNS.
For the Higgs sector, we assume A,B 6= 0,±1, so that only the following mixings of scalar
fields with the same electric charge are allowed, namely (χA, ηA), (χB, ρB), (ρ
+, η+) and
(χ0, ρ0, η0). The neutral components are expanded as:
χ0 =
1√
2
(u+ ξχ + iζχ) , 〈ξχ〉 = 〈ζχ〉 = 0,
ρ0 =
1√
2
(v + ξρ + iζρ) , 〈ξρ〉 = 〈ζρ〉 = 0,
η0 =
1√
2
(v′ + ξη + iζη) , 〈ξη〉 = 〈ζη〉 = 0. (17)
The ratios between VEVs are used to define three mixing angles:
s2v′v = sin
2 βv′v =
v′2
v2 + v′2
, s2vu = sin
2 βvu =
v2
u2 + v2
, s2v′u = sin
2 βv′u =
v′2
v′2 + u2
. (18)
We will also use the following notation tv′v = sv′v/cv′v, tv′u = sv′u/cv′u.
The scalar potential is
Vh = µ
2
1η
†η + µ22ρ
†ρ+ µ23χ
†χ+ λ1
(
η†η
)2
+ λ2
(
ρ†ρ
)2
+ λ3
(
χ†χ
)2
+ λ12(η
†η)(ρ†ρ) + λ13(η†η)(χ†χ) + λ23(ρ†ρ)(χ†χ)
+ λ˜12(η
†ρ)(ρ†η) + λ˜13(η†χ)(χ†η) + λ˜23(ρ†χ)(χ†ρ)
+
√
2f
(
ijkη
iρjχk + h.c.
)
. (19)
With the above notation, the mass eigenstates are φ±W
H±
 =
 cv′v −sv′v
sv′v cv′v
 ρ±
η±
 , (20)
 φ±AY
H±A
 =
 sv′u −cv′u
cv′u sv′u
 η±A
χ±A
 , (21)
 φ±BV
H±B
 =
 svu −cvu
cvu svu
 ρ±B
χ±B
 , (22)
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where φ±W , φ
±A
Y and φ
±B
V are the Goldstone bosons of W
±, Y ±A and V ±B, respectively. The
masses of the charged Higgs bosons are
m2H± = (v
2 + v′2)
(−fu
v′v
+
1
2
λ˜12
)
,
m2H±A = (u
2 + v′2)
(−fv
v′u
+
1
2
λ˜13
)
,
m2H±B = (u
2 + v2)
(−fv′
uv
+
1
2
λ˜23
)
. (23)
The neutral Higgs bosons are not involved in our calculation; hence they have been ignored.
In total, there are six charged Higgs bosons, one neutral pseudoscalar Higgs and three neutral
scalar Higgses. Bosonic particles with electric charges of ±B are not involved in the present
calculation. Nevertheless, their masses and mixing angles are above provided for the sake of
completeness.
From the above information we can obtain all vertices needed for the calculation of
li → ljγ decays. They are listed in Table I.
Vertex Coupling Vertex Coupling
νaebH
+ ig√
2mW
UL∗ba
(
meb
tv′v
PR +mνatv′vPL
)
eaνbH
− ig√
2mW
ULab
(
mea
tv′v
PL +mνbtv′vPR
)
EaebH
+A −ig√
2mY
V L∗ba
(
meb
tv′u
PR +mEatv′uPL
)
eaEbH
−A −ig√
2mY
V Lab
(
mea
tv′u
PL +mEbtv′uPR
)
νaebW
+µ ig√
2
UL∗ba γµPL eaνbW
−µ ig√
2
ULabγµPL
νaebφ
+
W
−ig√
2mW
UL∗ba (mebPR −mνaPL) eaνbφ−W −ig√2mW U
L
ab(meaPL −mνbPR)
EaebY
+Aµ −ig√
2
V L∗ba γµPL eaEbY
−Aµ −ig√
2
V LabγµPL
Eaebφ
+A
Y
−ig√
2MY
V L∗ba (mebPR −mEaPL) eaEbφ−AY −ig√2MY V
L
ab(meaPL −mEbPR)
AλW+µW−ν −ieΓλµν(pA, pW+ , pW−) AλY +AµY −Aν −ieAΓλµν(pA, pY +A , pY −A)
AλW±µφ∓W iemW gλµ A
λY ±Aµφ∓AY −ieAmY gλµ
AµH+H− ie(pH+ − pH−)µ AµH+AH−A ieA(pH+A − pH−A)µ
Aµφ+Wφ
−
W ie(pφ+W
− pφ−W )µ A
µφ+AY φ
−A
Y ieA(pφ+AY
− pφ−AY )µ
Aµ l¯ala −ieγµ AµEaEa ieBγµ
TABLE I: Vertices and couplings for li → ljγ decays in the 3-3-1 model with arbitrary β and new
leptons. All momenta are defined as incoming. The photon field is denoted as Aµ, a, b = 1, 2, 3 are
family indices and Γλµν(p1, p2, p3) = (p1−p2)νgλµ + (p2−p3)λgµν + (p3− p1)µgνλ. Other notations
are defined in the text.
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III. ANALYTICAL RESULTS
Equipped with the above Feynman rules, we can proceed to calculate the partial decay
width of l1 → l2γ using standard techniques of one-loop calculation. We have done this
in a careful way, with at least two independent calculations, and paid special attention
to the relative sign between the gauge and Higgs contributions. This relative sign is very
important because, as we will see in the numerical results, the interference term can be
positive or negative.
In the literature, the calculation of l1 → l2γ is usually done by neglecting the external
lepton masses. As stated in the introduction, we found this uneasy because the neutrino
masses, which are much smaller than the lepton masses, are kept. We therefore want to
check the validity of this approximation. To achieve this we have to keep the external lepton
masses.
We have calculated the partial decay width of l1 → l2γ from scratch without approxi-
mation. In the following we summarize the key points and present exact analytical results.
Results for the SM case are obtained as a special case and are discussed in Section IV A.
We consider the process
l1(p1)→ l2(p2) + γ(q), (24)
where p1 = p2 + q and the helicity indices have been omitted for simplicity. The amplitude
reads
M = λ(q)u¯1(p1)Γλu2(p2), (25)
where λ is the photon’s polarization vector, Γλ are 4× 4 matrices depending on the gamma
matrices, external momenta and coupling constants. After requiring the general conditions
that the spinors obey the Dirac equations, qµµ = 0, and q
λu¯1(p1)Γλu2(p2) = 0, we can prove
that the amplitude depends on only two form factors as
M = 2(p1 · ) [CLu¯2(p2)PLu1(p1) + CRu¯2(p2)PRu1(p1)]
− (m1CR +m2CL)u¯2(p2)/PLu1(p1)− (m1CL +m2CR)u¯2(p2)/PRu1(p1), (26)
where CL,R are called form factors, PL = (1 − γ5)/2, PR = (1 + γ5)/2. The partial decay
width is then written as
Γ(l1 → l2γ) = (m
2
1 −m22)3
16pim31
(|CL|2 + |CR|2) . (27)
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This result is well known and has been given in e.g. Ref. [17].
Since we assume that the exotic leptons are much heavier than the SM leptons, the
branching fractions of the dominant decays of l1 → l2ν¯2ν1 in the 3-3-1 model are the same as
those of the SM. Using the well-known tree-level result of Γ(l1 → l2ν¯2ν1) = G2Fm51/(192pi3)
(see e.g. [18]), where GF is the Fermi coupling constant, we write the branching fraction as
Br(l1 → l2γ) = 12pi
2
G2F
(|DL|2 + |DR|2)Br(l1 → l2ν¯2ν1), (28)
where GF = g
2/(4
√
2m2W ) and we have defined CL,R = m1DL,R and the approximation
m2  m1 has been used for the first factor, but not for DL,R. For later numerical analysis
we will use Br(µ→ eν¯eνµ) = 100%, Br(τ → eν¯eντ ) = 17.82% and Br(τ → µν¯µντ ) = 17.39%
as given in Ref. [1]. It is noted that DL ∝ O(m2/m1) (since only left-handed electron
can participate in SU(3)L interactions) and DR ∝ O(1), and hence, in the approximation
m2  m1, we have Br(l1 → l2γ) ∝ |DR|2. This point is important to understand the
approximate results discussed in the next sections.
The next step is to calculate DL,R for the 3-3-1 model with arbitrary beta presented in
the previous section. Representative Feynman diagrams are shown in Fig. 1. Using the
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FIG. 1: Representative Feynman diagrams contributing to l1 → l2γ decays. There are two groups:
the neutrino contribution (a,d) and the exotic lepton contribution (b,c,e,f).
Feynman rules in Table I and summing over all possible Feynman diagrams, we obtain the
following results
DL,R = D
νW
L,R +D
νH+
L,R +D
EY
L,R +D
EHA
L,R , (29)
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where
DνWR = −
ieg2
32pi2m2W
3∑
a=1
UL?i1aU
L
i2a
(
2m2W g
νaWW
1 +m
2
νag
νaWW
2 +m
2
2g
νaWW
3
)
,
DνWL = −
ieg2m2
32pi2m2Wm1
3∑
a=1
UL?i1aU
L
i2a
(
2m2W g
νaWW
4 +m
2
νag
νaWW
5 +m
2
1g
νaWW
6
)
,
DνH
+
R = −
ieg2
32pi2m2W
3∑
a=1
UL?i1aU
L
i2a
(
m2νat
2
v′vh
νaH+H+
1 +
m22
t2v′v
hνaH
+H+
2 +m
2
νah
νaH+H+
3
)
,
DνH
+
L = −
ieg2m2
32pi2m2Wm1
3∑
a=1
UL?i1aU
L
i2a
(
m21
t2v′v
hνaH
+H+
1 +m
2
νat
2
v′vh
νaH+H+
2 +m
2
νah
νaH+H+
3
)
,
DEYR = −
ieg2
32pi2m2Y
3∑
a=1
V L?i1aV
L
i2a
[
A
(
2m2Y g
EaY Y
1 +m
2
Eag
EaY Y
2 +m
2
2g
EaY Y
3
)
+ B
(
2m2Y g
Y EaEa
7 +m
2
Eag
Y EaEa
8 +m
2
2g
Y EaEa
9
)]
,
DEYL = −
ieg2m2
32pi2m2Ym1
3∑
a=1
V L?i1aV
L
i2a
[
A
(
2m2Y g
EaY Y
4 +m
2
Eag
EaY Y
5 +m
2
1g
EaY Y
6
)
+ B
(
2m2Y g
Y EaEa
10 +m
2
Eag
Y EaEa
11 +m
2
1g
Y EaEa
12
)]
,
DEH
A
R = −
ieg2
32pi2m2Y
3∑
a=1
V L?i1aV
L
i2a
[
A
(
m2Eat
2
v′uh
EaHAHA
1 +
m22
t2v′u
hEaH
AHA
2 +m
2
Eah
EaHAHA
3
)
+ B
(
m2Eat
2
v′uh
HAEaEa
4 +
m22
t2v′u
hH
AEaEa
5 +m
2
Eah
HAEaEa
6
)]
,
DEH
A
L = −
ieg2m2
32pi2m2Ym1
3∑
a=1
V L?i1aV
L
i2a
[
A
(
m21
t2v′u
hEaH
AHA
1 +m
2
Eat
2
v′uh
EaHAHA
2 +m
2
Eah
EaHAHA
3
)
+ B
(
m21
t2v′u
hH
AEaEa
4 +m
2
Eat
2
v′uh
HAEaEa
5 +m
2
Eah
HAEaEa
6
)]
, (30)
where the loop functions hi and gi are simple linear combinations of Passarino-Veltman one-
loop 3-point functions as given in Appendix A. The above writing is inspired by Lavoura
[17]. Our results have been checked by three different calculations using (i) unitary gauge,
(ii) ’t Hooft-Feynman gauge, and (iii) general formulas of Ref. [17]. We have classified
the results into neutrino and exotic-lepton groups. Each of these groups includes Higgs
and gauge contributions. In the ’t Hooft-Feynman gauge, the gauge contribution includes
gauge-gauge, Goldstone-gauge and Goldstone-Goldstone diagrams. We have used FORM
[19, 20] to calculate the amplitudes.
The results can be further simplified if mEa  mY and mEa  mHA with a = 1, 2, 3 as
presented in Appendix B.
Finally, we make an important remark on the dependence on coupling constants. From
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Eq. (30) we have DL,R ∝ eg2. Using Eq. (28) and noticing that GF = g2/(4
√
2m2W ), we get
Br(l1 → l2γ) ∝ e2, being independent of g or sW . Clearly, the coupling constant e =
√
4piα
should be calculated in the low-energy limit for the processes at hand. Therefore, we will
use α(0) as input parameter in our numerical analyses.
IV. NUMERICAL RESULTS
Input parameters are specified as follows. We use, according to Ref. [1],
α(0) = 1/137.035999679, mW = 80.385 GeV,
me = 0.5109989461 MeV, mµ = 105.6583745 MeV, mτ = 1776.86 MeV,
∆m221 = 7.53× 10−5 eV2, ∆m232 = 2.45× 10−3 eV2,
sin2(θ12) = 0.307, sin
2(θ13) = 0.021, sin
2(θ23) = 0.51. (31)
The neutrino mixing matrix is assumed to be real and is calculated from the above mixing
angles as
UL =

c12c13 s12c13 s13
−s12c23 − c12s23s13 c12c23 − s12s23s13 s23c13
s12s23 − c12c23s13 −c12s23 − s12c23s13 c23c13
 , (32)
where cij = cos θij, sij = sin θij with i, j = 1, 2, 3.
A. Neutrino contribution: approximate vs. exact
The approximate results calculated by neglecting the external lepton masses have been
exclusively used in the literature. However, the justification is not totally obvious to us
because the neutrino masses, which are much smaller than the lepton masses, are kept. We
therefore present here compact formulas for the exact results (i.e. m1 and m2 kept) and
perform a numerical comparison with the approximate ones.
The SM result includes only the W contribution and is given by DνWL,R. Using the formulas
in Appendix A we write the result in terms of scalar one-loop integrals A0, B0 and C0, which
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are also calculated in Appendix A. We obtain
DνWR = −
ieg2
64pi2m4W t1(t1 − t2)2
3∑
a=1
UL?i1aU
L
i2a
{(t1 − t2)(ta − t1 + 2)[A0(m2W )− A0(m2νa)]
+m2W
[
t2a(2t1 − t2)− ta(2t21 − 2t1 + t2) + t21(4 + t2)− 5t1t2 − 4t1 + 2t2
]
B
(1)
0
−m2W t1
[
t2a − ta(t1 + t2 − 1) + t1t2 − 4t2 + 3t1 − 2
]
B
(2)
0
− 2m4W t1(t1 − t2)(ta + t2 − 2t1 + 2)C0
−m2W t1(t1 − t2)(ta − t2 + 2)},
DνWL = −
ieg2m2
64pi2m4Wm1t2(t1 − t2)2
3∑
a=1
UL?i1aU
L
i2a
{(t2 − t1)(ta − t2 + 2)[A0(m2W )− A0(m2νa)]
+m2W
[
t2a(2t2 − t1)− ta(2t22 − 2t2 + t1) + t22(4 + t1)− 5t1t2 − 4t2 + 2t1
]
B
(2)
0
−m2W t2
[
t2a − ta(t1 + t2 − 1) + t1t2 − 4t1 + 3t2 − 2
]
B
(1)
0
− 2m4W t2(t2 − t1)(ta + t1 − 2t2 + 2)C0
−m2W t2(t2 − t1)(ta − t1 + 2)}, (33)
where ti = m
2
i /m
2
W , ta = m
2
νa/m
2
W , B
(i)
0 = B0(m
2
i ,m
2
W ,m
2
νa) with i = 1, 2 and C0 =
C0(m
2
1, 0,m
2
2,m
2
νa ,m
2
W ,m
2
W ).
In the limit of m1 = m2 = 0 we have DL = 0 and
DapprR =
ieg2
128pi2m2W
3∑
a=1
UL?i1aU
L
i2a
[
10− 43ta + 78t2a − 49t3a + 18t3a log(ta) + 4t4a
3(ta − 1)4
]
. (34)
This result was first obtained in Ref. [21] and has been widely used for any values of neutrino
masses. We may wonder whether this is justified for the case of mνa  m1 or mνa ≈ m1.
This is the reason we perform a numerical comparison here between the exact result and
the approximate one with m1 = m2 = 0 for many values of mν1 from zero to 10
16 GeV. The
motivation is of purely mathematical nature and we ignore the physical constraints on the
neutrino masses here. The results are shown in Table II and Fig. 2. We have used Eq. (28)
to calculate the branching fractions for both cases. We see that the difference is less than
permil level for µ → eγ and τ → eγ and is at the permil level for τ → µγ. This result is
independent of neutrino masses.
We now take into account the charged Higgs contribution. There are two additional
parameters tv′v and mH± (see the D
νH+
L,R terms in Eq. (30)). We have calculated the difference
between the exact and approximate results for four cases of tv′v = 1/50 or 50 (we choose
13
mν1 [GeV] Method µ→ eγ τ → eγ τ → µγ
0 exact Br. 4.0969× 10−55 2.6800× 10−55 76.705× 10−55
appr. Br. 4.0968× 10−55 2.6780× 10−55 76.377× 10−55
diff −2.6× 10−5 −7.6× 10−4 −4.3× 10−3
10−13 exact Br. 4.0968× 10−55 2.6801× 10−55 76.705× 10−55
appr. Br. 4.0967× 10−55 2.6780× 10−55 76.377× 10−55
diff −2.6× 10−5 −7.6× 10−4 −4.3× 10−3
10−1 exact Br. 7.9502× 10−17 3.4303× 10−17 1.1400× 10−17
appr. Br. 7.9500× 10−17 3.4277× 10−17 1.1351× 10−17
diff −2.6× 10−5 −7.6× 10−4 −4.3× 10−3
102 exact Br. 1.3590× 10−5 0.58619× 10−5 0.19481× 10−5
appr. Br. 1.3590× 10−5 0.58593× 10−5 0.19404× 10−5
diff −2.5× 10−5 −4.4× 10−4 −4.0× 10−3
1016 exact Br. 1.3278× 10−4 0.57261× 10−4 0.19030× 10−4
appr. Br. 1.3278× 10−4 0.57249× 10−4 0.18959× 10−4
diff −2.4× 10−5 −2.2× 10−4 −3.7× 10−3
TABLE II: Exact (i.e. m1 and m2 are kept in DL,R) and approximate (i.e. m1 = m2 = 0)
branching fractions of l1 → l2γ at various hypothetical values of mν1. Other two neutrino masses
are fixed at tiny values calculated using mν1 = 0 and the current known values of ∆m
2
21 and ∆m
2
32
specified in the text, namely mν2 ≈ 8.678×10−3 eV and mν3 ≈ 5.025×10−2 eV. The neutrino mixing
matrix is assumed being real and is calculated from three known mixing angles θ12, θ13 and θ23 as
given in the text. For the sake of comparison we set Br(l1 → l2ν¯2ν1) = 1 for all three channels.
The difference between exact and approximate results is defined as: diff = (appr− exact)/exact.
these exotic values so that the effect of tv′v is large) and mH± = 70 or 700 GeV. The result
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FIG. 2: Exact branching fraction (left) and difference between exact and approximate results
(right) as functions of mν1 which we deliberately chose from very small to very large values. All
input parameters and definitions are as in the caption of Table II.
is very similar to the SM case: the difference is below permil level for µ → eγ and τ → eγ
and is at the permil level for τ → µγ. For the absolute value of Br(µ → eγ) the result is
5×10−49 for tv′v = 50 and mH± = 70 GeV and getting smaller for lower values of tv′v and/or
higher values of mH± .
We have a technical remark here. Due to the huge hierarchy among the neutrino, charged
leptons and W boson masses, the numerical calculation of the exact result is non-trivial
because of numerical cancellation. To obtain the µ → eγ results in Table II we have used
Mathematica 9 with at least 62 precision digits for mν1 = 10
−13 GeV and about 180 precision
digits for mν1 = 10
16 GeV.
B. Exotic-lepton contribution
In this numerical study we investigate the exotic-lepton contribution, to see how large
the branching fractions can reach, what can be the dominant effects and dependence on the
parameter β, mY and mHA . We will also show the gauge-Higgs interference effects.
In the previous section we have shown that the neutrino contribution is well below the
current experimental limit. We will therefore neglect the neutrino contribution including
interference effects with exotic leptons in the following. The external lepton masses will be
neglected as justified in Section IV A.
In the following we choose a benchmark point, which is a typical scenario where the
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SU(3)L symmetry-breaking energy scale is much larger than the SM energy scale, i.e.
mY A  mW . If not otherwise stated, the value is chosen as
mY A = 2 TeV. (35)
From Eq. (18) we have
1 + ct2v′u =
m2Y A
m2W
(1 + ct2v′v), (36)
where ctv′u = 1/tv′u = u/v
′, ctv′v = 1/tv′v = v/v′. For the case of mY A  mW , we get
ct2v′u ≈
m2Y A
m2W
(1 + ct2v′v) 1. (37)
This means that the terms proportional to tv′u in D
EHA
R in Eq. (30) can be safely neglected
and the branching fractions are almost independent of tv′v. We note that terms proportional
to ctv′u are suppressed because they are also proportional to the external lepton masses. We
will therefore set tv′v = 1 in the following. As a side note, for the choice of v
′ = v there is
another good justification: it makes the parameter ρ = m2W/(m
2
Z cos
2 θW ) with θW being the
weak-mixing angle close to unity, as pointed out in Ref. [22] where the same scalar potential
is used.
Other parameters related to the exotic leptons are unknown. We choose, as an example,
the following default values for the remaining input parameters:
β = 1/
√
3, mHA = 3 TeV,
mE1 = 700 GeV, mE2 = 800 GeV, mE3 = 1 TeV,
θE12 = pi/6, θ
E
13 = pi/3, θ
E
23 = pi/4. (38)
The mixing matrix V L is calculated from three mixing angles θE12, θ
E
13, and θ
E
23 as in the case
of neutrinos. The values of the exotic-lepton masses are chosen within the unitary bound
of mEi < 16mY A as derived from the partial wave unitarity of the EiE¯i → EiE¯i scattering
[23].
A few remarks on the above default input-parameter choice are appropriate here. Con-
cerning gauge bosons, the best ATLAS/CMS limits for 3-3-1 models with exotic leptons are
summarized in Table III. We note that, in almost all cases, the contributions from exotic lep-
tons to the Z ′ total width are neglected, except for the case of Ref. [24] where mF = 1 TeV is
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assumed for all exotic fermions. When those contributions are properly taken into account,
the bound on mZ′ will get weaker, because the branching fractions of Z
′ → l+l− with l = e, µ
will decrease. Therefore, the default choice in Eq. (35) may be acceptable. However, one
should keep in mind that, strictly speaking, the ATLAS/CMS bound on mZ′ is unknown
for our present numerical analysis, because it depends on the masses and electric charges
of the exotic fermions (i.e. leptons and quarks) which have not been properly taken into
account. We will therefore relax the constraint on mY A , varying it from 0.5 to 3 TeV for
some plots. In this context, it is noted that, using LEP II data, the authors of Ref. [15]
obtained mZ′ ' 1 TeV for β = ±1/
√
3, 2/
√
3, leading to mY A ' 0.7 TeV. Phenomenological
β Data Channel Bound on mZ′ Ref. Bound on mY A
−2/√3 CMS8 with 20.6 fb−1 di-muon ' 3.2 TeV [25] ' 2.1 TeV
−1/√3 CMS7&8 di-lepton ' 2.5 TeV [24] ' 2.1 TeV
−1/√3 ATLAS8 di-lepton ' 2.89 TeV [26] ' 2.4 TeV
TABLE III: Summary of lower bounds on mZ′ for 3-3-1 models with exotic leptons obtained us-
ing ATLAS or CMS data at 7 and 8 TeV. Exotic fermion contributions to the Z ′ total width are
neglected, except for Ref. [24] where mF = 1 TeV is assumed for all exotic fermions. In the last col-
umn we have derived the bound on mY A using the relation mY A ≈ mZ′
√
3[1− (1 + β2)s2W ]/(2cW )
obtained using v, v′  u approximation [6] and s2W = 0.231.
constraints on the masses of exotic Higgs bosons HA and of the exotic leptons and their
mixing angles are much more difficult and do not exist to the best of our knowledge.
With those difficulties in mind, we decided to choose the above default input parameters
in a fairly random way following a few general principles: (i) u  v, v′ (i.e. the SU(3)L
breaking scale is much larger than that of SU(2)L), (ii) the exotic leptons are heavy and
satisfy the unitary bound, (iii) and their mixing angles are large. We note that the choice
of heavy masses are in agreement with the negative results of collider searches for physics
beyond the SM. Large mixing angles are motivated by the PMNS matrix of the neutrino
sector and the fact that we want to have large branching fractions close to the experimental
limits.
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In the following tables and plots, if not otherwise stated, the above default values are
used. Differently from Section IV A, we will use the true values of Br(l1 → l2ν¯2ν1) as given
in the text below Eq. (28) so that one can compare the results in this section with current
experimental limits.
β µ→ eγ τ → eγ τ → µγ
0 2.51× 10−13 1.94× 10−14 1.57× 10−16
1/
√
3 1.49× 10−12 1.33× 10−13 3.10× 10−15
−1/√3 4.95× 10−12 4.14× 10−13 6.52× 10−15
√
3 2.18× 10−11 1.88× 10−12 3.69× 10−14
−√3 3.21× 10−11 2.73× 10−12 4.72× 10−14
m
YA
[TeV] µ→ eγ τ → eγ τ → µγ
0.5 1.79× 10−9 1.44× 10−10 1.69× 10−12
1 6.62× 10−11 5.66× 10−12 1.03× 10−13
1.5 7.38× 10−12 6.49× 10−13 1.41× 10−14
2 1.49× 10−12 1.33× 10−13 3.10× 10−15
3 1.64× 10−13 1.47× 10−14 3.61× 10−16
TABLE IV: Branching fractions of l1 → l2γ at various values of β, mY A. Other parameters are
fixed as given in the text.
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FIG. 3: Density plot of µ → eγ branching fraction as function of β and mY (left) and of β and
mHA (right). Other parameters are fixed as given in the text.
In Table IV we present the l1 → l2γ branching fractions for various values of β, mY A . We
observe the following features: the branching fractions are smallest at β = 0 and increase
with |β|. The results exhibit a clear asymmetry under the transformation of β → −β, or in
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other words, they depend on the sign of β. The right table shows a strong dependence on
mY A . As expected, the branching fractions are large when mY A is small. With the choice of
exotic lepton masses and mixing angles as given in Eq. (38), the branching fraction is largest
for µ → eγ and smallest for τ → µγ. With this setup, we see that the branching fractions
μ→eγτ→eγτ→μγ
0.5 1.0 1.5 2.0 2.5 3.0
10-21
10-19
10-17
10-15
10-13
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mY [TeV]
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μ→eγτ→eγτ→μγ
1 2 3 4
10-24
10-22
10-20
10-18
10-16
10-14
10-12
mHA [TeV]
B
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μ→eγτ→eγτ→μγ
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FIG. 4: li → ljγ branching fractions as functions of mY (left column) and of mHA (right column)
for various values of β: 0 (top row), 1/
√
3 (middle row) and
√
3 (bottom row). Other parameters
are fixed as given in the text.
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of τ → eγ and τ → µγ all satisfy the current experimental constraints for all values of β
and mY A in Table IV. For the decay of µ→ eγ, only the cases of β = 0 or mY A = 3 TeV are
below the experimental limit of 4.2× 10−13.
We now focus on the decay µ→ eγ and discuss two density plots to see the dependence
on β, mY and mHA . In Fig. 3 we show the density plot of Br(µ → eγ) as a function of β
and mY (left) and of β and mHA (right). We observe from the left plot, consistently with
Table IV, the branching fraction are smallest when β is around zero or when mY is large.
From the right plot, we see a similar dependence on β, but the dependence on mHA is much
weaker than on mY . From those two plots, we conclude that large branching fraction occurs
at large |β|, small mY and small mHA .
In a series of six plots in Fig. 4 we would like to show again the dependence on β, mY
and mHA , but with two-dimensional plots this time and for all three decays. We see clearly
that the case of β = 0 is special and different from the other cases of β = 1/
√
3,
√
3.
For β = 0, the branching fractions of all three decays have a deep minimum when mY or
mHA reach special values. The minimum positions are at low energies and are different for
different decays, suggesting that they depend on the mixing angles. Together with Fig. 3 we
conclude that deep minimum occurs when |β| is small enough. This has a very important
phenomenological consequence: for small values of |β|, branching fraction can be very small
even at small values of mY and mHA . This means that, contrary to naive expectation,
there can be small values of mY and mHA escaping the exclusion limit obtained using the
experimental constraints on Br(li → ljγ), if |β| is small enough.
To understand the minimum occurring when β is around zero we have to study the
dependence of the branching fraction on β. This is shown in Fig. 5 (right). On the left plot
we display again the dependence on mY for the special case of β = 0. This time, differently
from Fig. 4 (top-left), we focus on the low energy region ofmY ∈ [0.5, 1] TeV and gauge, Higgs
and interference contributions are also plotted. The left plot shows that the interference is
strongly destructive and there is a spectacular cancellation between the sum of gauge and
Higgs contributions and the interference term, leaving a very small branching ratio. The
β dependence plot also shows a negative interference effect when β ∈ [0.035 : 0.26] for our
default choice of input parameters. The insert in Fig. 5 (right) shows that the interference
line crosses the zero branching fraction line when the gauge contribution (blue line) vanishes
and when the Higgs term (brown line) vanishes. One should note that the gauge or Higgs
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FIG. 5: Branching fraction of µ→ eγ as function of mY (left) and of β (right). Gauge (blue), Higgs
(brown) and interference (red) contributions are also separately shown. Total branching fractions
are the black lines. Other parameters are fixed as given in the text.
contributions are non-negative. Overall, Fig. 5 shows that destructive interference effect
tends to occur when |β| and mY are small.
V. CONCLUSIONS
In this paper, we have provided full and exact analytical results for the li → ljγ partial
decay widths for a general class of 3-3-1 models with exotic leptons and with arbitrary β.
As a by product, we performed numerical comparisons between exact results (i.e. external
lepton masses are kept) and approximate ones where mi = mj = 0. We conclude that,
for either extremely light neutrinos or very heavy leptons, the difference between exact and
approximate results is less than permil level for µ→ eγ and τ → eγ and is at the permil level
for τ → µγ. Therefore, unsurprisingly, approximation results widely used in the literature
are excellently justified.
Concerning the exotic lepton contribution, we found huge destructive interference between
the gauge and Higgs contributions. This can happen when |β| and mY are small enough.
This has an interesting consequence: the branching fractions can be small even for small mY .
Therefore, this destructive interference mechanism must be taken into account when using
experimental constraints on Br(li → ljγ) to exclude parameter space. This in particular
means that if one takes into account only the gauge contribution then the results can be
completely off. It is likely that this destructive interference mechanism also occurs in b→ sγ
21
and other similar processes.
Besides, we found that the gauge and Higgs contributions can be of similar size. De-
pendences on β, mY and mHA have been shown. We observe that the branching fractions
are very sensitive to β and mY . They also depend on mHA , but to a lesser extent. The
dependence on β is interesting: the branching fractions are largest for |β| = √3 and smallest
around zero.
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Appendix A: One loop integrals
In this appendix we provide all loop functions introduced in Eq. (30). We have
hLHH1 = C1([p
2
i ],m
2
L,m
2
H ,m
2
H) + C11(· · · ) + C12(· · · ),
hLHH2 = C2([p
2
i ],m
2
L,m
2
H ,m
2
H) + C22(· · · ) + C12(· · · ),
hLHH3 = −C0([p2i ],m2L,m2H ,m2H)− C1(· · · )− C2(· · · ),
hHLL4 = C1([p
2
i ],m
2
H ,m
2
L,m
2
L) + C11(· · · ) + C12(· · · ),
hHLL5 = C2([p
2
i ],m
2
H ,m
2
L,m
2
L) + C22(· · · ) + C12(· · · ),
hHLL6 = C1([p
2
i ],m
2
H ,m
2
L,m
2
L) + C2(· · · ),
gLGG1 = −C2([p2i ],m2L,m2G,m2G) + C11(· · · ) + C12(· · · ),
gLGG2 = C0([p
2
i ],m
2
L,m
2
G,m
2
G) + 2C1(· · · ) + C2(· · · ) + C11(· · · ) + C12(· · · ),
gLGG3 = C2([p
2
i ],m
2
L,m
2
G,m
2
G) + C22(· · · ) + C12(· · · ),
gLGG4 = −C1([p2i ],m2L,m2G,m2G) + C22(· · · ) + C12(· · · ),
gLGG5 = C0([p
2
i ],m
2
L,m
2
G,m
2
G) + C1(· · · ) + 2C2(· · · ) + C22(· · · ) + C12(· · · )),
gLGG6 = C1([p
2
i ],m
2
L,m
2
G,m
2
G) + C11(· · · ) + C12(· · · ),
gGLL7 = C0([p
2
i ],m
2
G,m
2
L,m
2
L) + 2C1(· · · ) + C2(· · · ) + C11(· · · ) + C12(· · · ),
gGLL8 = −C2([p2i ],m2G,m2L,m2L) + C11(· · · ) + C12(· · · ),
gGLL9 = C2([p
2
i ],m
2
G,m
2
L,m
2
L) + C22(· · · ) + C12(· · · ),
gGLL10 = C0([p
2
i ],m
2
G,m
2
L,m
2
L) + C1(· · · ) + 2C2(· · · ) + C22(· · · ) + C12(· · · ),
gGLL11 = −C1([p2i ],m2G,m2L,m2L) + C22(· · · ) + C12(· · · ),
gGLL12 = C1([p
2
i ],m
2
G,m
2
L,m
2
L) + C11(· · · ) + C12(· · · ), (A1)
where [p2i ] = m
2
1, 0,m
2
2 related to external momenta and occurring in all functions, the
notation (· · · ) means that the same list of arguments as in the first term should be used.
The masses of particles in the loop are written explicitly in the argument list and there is
an one-to-one correspondence between those masses and the upper index of the hi (h stands
for Higgs) and gi (g for gauge) functions.
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Using Passarino-Veltman techniques [27], the results for Ci...([p
2
i ],m
2
F ,m
2
B,m
2
B) read
C1 =
(m21 +m
2
2)B
(1)
0
(m21 −m22)2
− 2m
2
2B
(2)
0
(m21 −m22)2
− B
(0)
0
m21 −m22
+
k2C0
m21 −m22
,
C2 =
(m21 +m
2
2)B
(2)
0
(m21 −m22)2
− 2m
2
1B
(1)
0
(m21 −m22)2
+
B
(0)
0
m21 −m22
− k1C0
m21 −m22
,
C11 =
[k1(3m
4
1 −m42 + 4m21m22)− 4m61 + 4m42m21] B(1)0
2m21(m
2
1 −m22)3
− 3m
2
2k2B
(2)
0
(m21 −m22)3
− [k1 + k2 + 2(m
2
2 −m21)]B(0)0
2(m21 −m22)2
+
(k22 + 2m
2
Bm
2
2) C0
(m21 −m22)2
− (m
2
1 +m
2
2)[A0(m
2
B)− A0(m2F )]
2m21(m
2
1 −m22)2
+
m22
(m21 −m22)2
,
C22 =
[k2(−3m42 +m41 − 4m21m22) + 4m62 − 4m41m22] B(2)0
2m22(m
2
1 −m22)3
+
3m21k1B
(1)
0
(m21 −m22)3
− [k1 + k2 + 2(m
2
1 −m22)]B(0)0
2(m21 −m22)2
+
(k21 + 2m
2
Bm
2
1) C0
(m21 −m22)2
− (m
2
1 +m
2
2)[A0(m
2
B)− A0(m2F )]
2m22(m
2
1 −m22)2
+
m21
(m21 −m22)2
,
C12 = − [k2(5m
2
1 +m
2
2) +m
4
1 −m42] B(1)0
2(m21 −m22)3
+
[k1(5m
2
2 +m
2
1) +m
4
2 −m41] B(2)0
2(m21 −m22)3
+
(2m2B − 2m2F +m21 +m22)B(0)0
2(m21 −m22)2
− [k1k2 +m
2
B(m
2
1 +m
2
2)] C0
(m21 −m22)2
+
[A0(m
2
B)− A0(m2F )]
(m21 −m22)2
− m
2
1 +m
2
2
2(m21 −m22)2
, (A2)
where B
(0)
0 = B0(0,m
2
B,m
2
B), B
(i)
0 = B0(m
2
i ,m
2
B,m
2
F ), and ki = m
2
B−m2F +m2i with i = 1, 2.
The Passarino-Veltman functions in Eq. (A1) and Eq. (A2) are defined from the standard
one-loop functions as:
A0(m
2) =
(2piµ)4−D
ipi2
∫
dDk
k2 −m2 + i ,
B0(p
2,m2F ,m
2
B) =
(2piµ)4−D
ipi2
∫
dDk
(k2 −m2F + i) [(k + p)2 −m2B + i]
,
C0,µ,µν =
(2piµ)4−D
ipi2
∫
dDk(1, kµ, kµkν)
(k2 −m2F + i) [(k + p1)2 −m2B + i] [(k + p2)2 −m2B + i]
,
Cµ = p1µC1 + p2µC2,
Cµν = gµνC00 + p1µp1νC11 + p2µp2νC22 + (p1µp2ν + p2µp1ν)C12, (A3)
where µ is an arbitrary mass parameter introduced via dimensional regularization [28].
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The scalar functions A0, B0, C0 can be calculated using the techniques of [29]. We have
A0(m
2) = m2
(
CUV − log(m2) + 1
)
,
B0(0,m
2,m2) = CUV − log(m2),
B0(p
2,m2B,m
2
F ) = CUV − log(m2B) + 2−
∑
σ=±
(1− 1
xσ
) log (1− xσ) ,
C0(p
2
1, 0, p
2
2,m
2
F ,m
2
B,m
2
B) =
1
p21 − p22
2∑
i=1
∑
σ=±
(−1)iLi2(yiσ), (A4)
where CUV = 2/(4−D)− γE + log(4piµ2) with γE being Euler’s constant and xσ and yiσ are
the roots of the following equations
m2Bx
2 − (m2B −m2F + p2)x+ p2 + i = 0,
m2By
2
i − (m2B −m2F + p2i )yi + p2i + i = 0. (A5)
For the case of p21 > 0 and p
2
2 = 0 we have
B0(0,m
2
B,m
2
F ) = CUV − log(m2B) + 1 +
m2F
m2B −m2F
log
(
m2F
m2B
)
,
C0(p
2
1, 0, 0,m
2
F ,m
2
B,m
2
B) =
1
p21
[
Li2
(
1− m
2
F
m2B
)
−
∑
σ=±
Li2(y1σ)
]
. (A6)
Results for the case of p21 = p
2
2 = 0 have been provided in Ref. [17]. We finally note that the
C functions in Eq. (A2) are independent of the auxiliary parameter CUV , meaning that the
final results are UV finite. The function B
(0)
0 is above given for the sake of completeness.
The final results are independent of it.
Appendix B: Approximate results
Here we provide results for the case of small exotic lepton masses, i.e. mEa  mY and
mEa  mHA . Furthermore, the numerical facts of mνa  mW and the approximation
m1 = m2 = 0 is used as justified in Section IV A. We therefore neglect all DL here. For the
neutrino case, we have
DνWR = −
ieg2
32pi2m2W
3∑
a=1
UL?i1aU
L
i2a
(
m2νa
4m2W
)
,
DνH
+
R = −
ieg2
32pi2m2W
(
t2v′v + 6
) 3∑
a=1
UL?i1aU
L
i2a
(
m2νa
12m2H+
)
. (B1)
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And for the exotic lepton case
DEYR = −
ieg2
32pi2m2Y
(3
√
3β − 1)
3∑
a=1
V L?i1aV
L
i2a
(
m2Ea
8m2Y
)
,
DEH
A
R = −
ieg2
32pi2m2Y
3∑
a=1
V L?i1aV
L
i2a
(
m2Ea
12m2
HA
)[
β
√
3 + 1
2
(
t2v′u + 6
)
+
β
√
3− 1
2
(
2t2v′u − 18− 12 log
m2Ea
m2
HA
)]
. (B2)
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